Necrosis is a caspase-independent cell death process involving the generation of reactive oxygen species (ROS). In a recent issue of Molecular Cell, Kim et al. (2007) reported on a novel TNF receptor 1 necrotic signaling complex inducing TRADD-and RIP1-dependent recruitment and activation of the ROS-generating Nox1 NADPH oxidase complex.
Necrosis has long been described as a consequence of physicochemical stress and thus accidental and uncontrolled. Morphological features of cellular necrosis include cytoplasmic swelling, irreversible plasma membrane damage, and organelle breakdown. Recently, it has become clear that cellular necrosis is as controlled and programmed as caspase-dependent apoptosis and that it may be an important cell death mode that is both physiologically and pathologically relevant (reviewed by Festjens et al. [2006] ). Apparently, necrotic cell death is not the result of one welldescribed signaling cascade but involves extensive crosstalk between several biochemical and molecular events at different cellular levels. Many different stimuli such as TNF on certain cell lines, dsRNA and IFN-g, ATP depletion, and ischemic conditions are able to elicit necrotic cell death. Moreover, necrotic cell death functions as a backup program in vitro and in vivo when caspase activation is impaired. The receptor-interacting protein (RIP1), a death domain containing serine/threonine kinase involved in the activation of NF-kB and MAPK, acts as a central initiator in TNF and oxidative stress-induced necrosis. Mitochondrial complex I-mediated generation of reactive oxygen species (ROS) has been implicated in the propagation and/or execution phases of necrotic cell death (reviewed by Festjens et al. [2006] ).
One of the major issues in defining a necrotic cell death pathway is the molecular link between RIP1 recruitment/activation and ROS production. Two questions are important regarding this connection: (1) what is the precise role of the RIP1 kinase, and (2) what is the source of the ROS production? The article of Kim et al. (2007) in a recent issue of Molecular Cell elaborates on the molecular connection between RIP1 and ROS in necrotic cell death and brings in new interesting players, the plasma membraneassociated NADPH oxidases (Nox), arguing for a nonmitochondrial source of ROS, at least during the initiation phase of TNF-induced necrotic cell death in the L929 fibrosarcoma. NADPH oxidases are enzymes dedicated to producing superoxide anions (O 2 À ), leading to other ROS such as hydrogen peroxide (H 2 O 2 ) (reviewed by Lambeth [2004] ). These enzyme systems exist in phagocytic cells, especially the TNF-inducible Nox2 complex, but also on nonphagocytic cells (Nox1 and Nox4 complexes). Nox enzymes form complexes that are highly regulated by additional factors such as p22phox, p41NOXO1, and p51NOXA1 in the case of Nox1. The findings described by Kim et al. (2007) demonstrate that Nox1 is the major NADPH oxidase responsible for TNF-induced generation of O 2 À in mouse fibroblasts and that it is activated through a RIP1-dependent signaling complex containing TRADD, Nox1, NOXO1, and small GTPase Rac1 formed upon TNF treatment (Figure 1 ). Functional studies revealed that inhibition of O 2 À production with dominant-negative mutants of TRADD and Rac1, as well as siRNA-mediated knockdown of Nox1, inhibits TNF-induced necrosis. A model is proposed in which the RIP1 kinase recruits Nox1/NOXO1 (constitutive interaction in untreated cells). This complex may be further stabilized by the interaction between RADD and NOXO1. The authors demonstrate that a proline-rich region in human TRADD and a SH3 domain in human NOXA1 are involved in the heterotypic interaction. However, the sequence of mouse TRADD does not contain a classical PXXP SH3 binding motif, suggesting that the murine situation in this respect may be different. The precise molecular mechanism by which Nox1 becomes activated remains unclear.
How do extracellularly generated superoxide anions contribute to cell death? The authors speculate that the O 2 À generated outside the cell may cause oxidation of extracellular lipids and production of second messengers or that superoxide anions are converted to H 2 O 2 , which is able to diffuse through the cell membrane. The generation of O 2 À may also partly occur in the endosomal compartment, which would fit with the observations that TNFR1 receptosomes are internalized within minutes upon TNF administration and recruit TRADD (SchneiderBrachert et al., 2004 The implication of RIP1 in necrotic cell death has been demonstrated for different stimuli. Depending on the emphasis one gives to a particular pathway, the RIP1 kinase has been attributed many different functions, but the precise targets and the involvement of kinase activity remain obscure (Festjens et al., 2007) . Recently, it was demonstrated that TNF is able to reduce in a RIP1-dependent manner the interaction between adenine nucleotide translocase (ANT) and cyclophilin D (CypD) (Nakagawa et al., 2005) . In favor of this mitochondriotropic view, RIP1 was shown to delocalize to the mitochondria. RIP1 has also been demonstrated to be essential for TNF-induced generation of ceramide, which also contributes to necrotic cell death (Thon et al., 2005) . From these reports, it is obvious that RIP1 may contribute in different ways to necrotic cell death. In agreement with this vision, the authors in this issue nicely demonstrate that TLR3/ IFN-g-induced necrosis, which is also RIP1 mediated, does not require Nox1 activity. The issue of the involvement of the kinase activity of RIP1 remains controversial. Holler et al. demonstrated that TNF-induced necrosis required the kinase activity of RIP1 (Holler et al., 2000) , while others showed that the kinase activity was dispensable (Lin et al., 2004) . Kim et al. (2007) did not address the role of RIP1 kinase activity in Nox1 activation, so it remains to be examined.
In conclusion, RIP1 obviously represents a central molecule for the initiation of multiple pathways that contribute in different ways to the propagation of necrotic cell death (Festjens et al., 2007) . The findings of Kim et al. (2007) clearly demonstrate that, beyond the mitochondrial axis, additional pathways are operating, such as RIP1-mediated recruitment and activation of the Nox1 complex. This suggests that RIP1-mediated ROS production may occur at two major levels: at the mitochondrial complex I and at the plasma membrane-associated Nox1 complex. The enhanced ROS production contributes to sustained JNK activation and consecutive necrotic cell death (Kim et al., 2007; Lin et al., 2004; Sakon et al., 2003) . Therefore, the discovery of the TRADD/RIP1/Nox1/ NOXO1 axis in the propagation of necrotic cell death enforces the concept that necrotic cell death is the consequence of crosstalk between several signaling pathways. Depending on the stimulus and the cellular context, a particular pathway may prevail. In this respect, the next milestone will be analysis of Nox1 knockout mice (Touyz et al., 2005) for caspase-independent cell death processes in ontogeny, homeostasis, and pathologies. Unraveling these pathways in more detail may reveal new therapeutic strategies for modulating nonapoptotic cell death in pathologies such as cardiac ischemia, stroke, neurodegenerative diseases, organ transplantation, infectious diseases, and cancer. TNF induces the formation of a TNFR1 signaling complex containing TRADD, RIP1, Nox1/NOXA1, and the small GTPase Rac1. Recruitment of Nox1 complex to TNFR1 is dependent on the adaptor proteins TRADD and RIP1 kinase. Upon activation of Nox1, superoxide anions and consecutive hydrogen peroxides are generated, eventually contributing to sustained JNK activation and necrotic cell death.
